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We report high- resolution photoemission spectroscopy of newly- discovered iron-based layered 
superconductor La(Oo.93Fo.o7)FeAs (Tc = 24 K). We found that the superconducting gap shows 
a marked deviation from the isotropic s-wave symmetry. The estimated gap size at 5 K is 3.6 
meV in the s- or axial p-wave case, while it is 4.1 meV in the polar p- or cZ-wave case. We 
also found a pseudogap of 15-20 meV above Tc, which is gradually filled-in with increasing 
temperature and closes at temperature far above Tc similarly to copper-oxide high-temperature 
superconductors. 
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Superconductivity observed at as high as 26 K (on- 
set temperature = 32 K) in La(Oi_ajFa^)FeAs^ pro- 
- vided a deep impact in condensed-matter physics, since 
this new superconductor does not belong to any known 
categories of "high-temperature superconductors" such 
as copper-oxides (cuprates),^ fullerenes,^ and MgB2.^ 
La(Oi_a^Fa^)FeAs consists of alternatingly stacked insu- 
lating lanthanum oxide (LaO) and conductive iron ar- 

senide (FeAs) layers. While undoped LaOFeAs is a metal 
or a degenerate semiconductor at room temperature with 
no sign of superconductivity, substitution of oxygen with 
fluorine (F) atoms gives rise to the superconductivity at 
the F doping of x = 0.03. Further doping causes a grad- 
ual increase of superconducting transition temperature 
(Tc) up to the maximum Tc of 26 K with the onset tem- 
perature over 30 K at x = 0.11.^ Although the crystal 
structure is substantially different from that of cuprate 

1 superconductors - it is not a perovskite structure and 
does not contain Cu02 planes -, both compounds share 
intriguing similarities such as the two-dimensional crys- 
tal/electronic structure,^' presence of a superconduct- 
ing dome in the electronic phase diagram where the Tc is 
controlled by a systematic aliovalent ion doping into the 
insulating block layers, and a characteristic anomaly in 
the transport property in the under-doped region.^ It has 
been suggested that La(Oi_a;Fa;)FeAs is situated at the 
boundary to the ferromagnetic phase, since the F doping 
increases the number of Fe 3d electrons from six to that 
(seven) of Co 3d electrons in LaOCoAs which is known to 
undergo a ferromagnetic transition at 66 K.^'^ Such a sit- 
uation may invoke an exotic pairing mechanism related 
to ferromagnetic spin fluctuations. It is thus particularly 
important to elucidate the mechanism and origin of su- 
perconductivity in this new category of high-Tc super- 
conductor in relation to cuprates and other layered novel 
superconductors like ruthenium- and cobalt-oxides.^^ 



In this letter, we report ultrahigh-resolution (AE 
= 1.7 meV) photoemission spectroscopy (PES) on 
La(Oo.93Fo.o7)FeAs to study the electronic structure and 
the superconducting gap. We found that the PES spec- 
trum at 5 K shows a suppression of spectral intensity 
within 4 meV indicative of opening of a superconducting 
gap. We also observed a pseudogap with a finite density 
of states (DOS) at the Fermi level (T^f), which opens at 
temperature even above Tc and closes at temperature far 
above Tc. 

Polycrystalline La(Oo.93Fo.o7)FeAs was synthesized by 
heating a mixture of lanthanum arsenide, iron arsenide, 
and dehydrated La203 powders in a silica tube filed with 
Ar gas at 1250°C for 40 h. Doping of F atoms was per- 
formed by adding 1:1 mixture of LaFa and La to the 
starting material. The Tc (midpoint temperature = 24 
K, onset temperature = 32 K) and the composition {x 
= 0.07) were determined by the methods described in 
the previous work.^ High-resolution PES measurements 
have been performed with a SES-2002 PES spectrom- 
eter with a high-intensity helium (He) discharge lamp 
equipped with a toroidal grating monochromator. The 
He la (21.218 eV) and He Ha (40.814 eV) resonance lines 
were used to excite photoelectrons. The energy resolution 
(AE) was set at 1.7 meV except for the measurements 
of the wide valence-band region (AE = 15 meV). We 
fractured/scraped the sample under ultrahigh vacuum 
of 2xlO~^^Torr to obtain a clean and fresh surface for 
PES measurements. We have confirmed that the degra- 
dation of sample surface did not take place during the 
measurements and the data shown here are reproducible 
by measuring several samples. The Fermi level {E-p) of 
sample was referenced to that of a gold film evaporated 
onto the sample holder. 

Figure 1 shows valence-band PES spectra of 
La(Oo.93Fo.o7)FeAs (slightly under-doped, Tc = 24 K) 
measured at 5 K with the He la and He Ha resonance 
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Fig. 1. Valence-band PES spectra of La(Oo.93Fo.o7)FeAs mea- 
sured at 5 K with He la and He Ho; photons (hu =21.218 and 
40.814 eV). The calculated DOS for LaOFeP (ref. 7) is also shown 
for comparison. Inset shows an expansion near of the He I 
spectrum, together with the calculated DOS (blue dashed line) 
broadened by a Gaussian with the full-width at half-maximum 
of 0.2 eV multiplied by the FD function. 

lines. We find several peaks in both spectra, such as a 
prominent peak at 5.5 eV accompanied by a shoulder 
structure at lower binding energy, a broad feature at 7- 
13 eV composed of multiple peaks, and a small peak in 
the vicinity of E-p^ while the intensity of these peaks is 
considerably different between the He I and He II spec- 
tra. The He II spectrum shows an additional large dou- 
blet structure at around 19 eV, which is assigned to the 
spin-split La 5p core level. We also display in Fig. 1 the 
calculated DOS for LaOFeP using the density functional 
theory.^ Since the band calculation of LaOFeAs is not 
available at present, we compare the present PES result 
with the calculation for LaOFeP by taking account of 
the possible difference between the 3p (P) and 4p (As) 
states. The calculated electronic states near are dom- 
inated by the Fe 3d states, while the states at 2-5 eV are 
mainly from the O 2p states with admixture from the Fe 
3d and P 3p states. We therefore attribute the near-£^F 
states and the 5.5-eV feature in the PES spectrum to the 
Fe-3d and 0-2p dominated states, respectively. This as- 
signment is supported by the experimental fact that the 
intensity of the near-£^F peak is enhanced with respect 
to the 5.5-eV peak in the He II spectrum, since the ratio 
of photoionization cross-section between the Fe 3d and 
O 2p orbital for the He II photons is about twice as large 
as that for the He I photons. The peaks at 7-13 eV in 
the spectrum may be attributed to the As 45 states since 
the calculated P 35 states are also in this energy range 
(10-12 eV). The finite difference in the energy position of 
0-2p dominated states between the PES spectrum and 



Fig. 2. High-resolution PES spectra near of 
La(Oo.93Fo.o7)FeAs measured at three temperatures across Tc 
with the He la resonance line. Expanded spectra in the vicinity 
of Ep are shown in the inset (left bottom). Another inset 
(right top) shows the spectra symmetrized with respect to E'p, 
together with the numerical fitting results to the symmetrized 
DOS at 5 K with the s-, p- (polar or axial), and d-wave gap 
functions (black and red curves). We also measured PES spectra 
with the more bulk sensitive Xe I line (8.437 eV)-*^^ and obtained 
essentially the same results. 

the calculated DOS may be due to underestimation of 
the binding energy of O 2p states in the LDA (local- 
density-approximation) calculation. On the other hand, 
the location of Fe 3d states near Ep shows a good agree- 
ment between the experiment and the calculation. It is 
noted that the peak position of near-£^F states is not at 
Ef but at 0.2 eV away from E-p^ as clearly visible in 
the expanded He I spectrum near E^ (inset to Fig. 1), 
demonstrating that the DOS gradually decreases with 
approaching £^f- This feature is also seen in the calcula- 
tion although the slope of DOS toward E^ is steeper in 
the experiment. 

Figure 2 shows ultrahigh-resolution PES spectra near 
of La(Oo.93Fo.o7)FeAs measured at three tempera- 
tures across Tc with the He la resonance line. We find 
that the crossing point of PES spectra is not at E^ but at 
about 0.4 meV higher binding energy with respect to E^ 
as clearly seen in the inset (left bottom), where the PES 
spectra in the vicinity of E^ are expanded. Further, the 
spectral intensity at Ep gradually increases with increas- 
ing temperature. These results indicate the opening of a 
superconducting gap. We do not observe a sharp super- 
conducting coherence peak, which suggests that the gap 
function has a marked deviation from the conventional 
isotropic 5-wave symmetry. We also find a considerable 
spectral intensity at E^ even well below Tc, which sug- 
gests (i) multi-band superconductivity where some parts 
of Fermi surfaces remain ungapped even in the supercon- 
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Fig. 3. High-resolution PES spectra near Ep measured at several 
temperatures above Tc (30-130 K) with He la line. Inset shows 
the spectra symmetrized with respect to Ep. 

ducting state, (ii) a metallic non-superconducting por- 
tion of the sample, and/or (iii) presence of line/point 
nodes as in the p- and d-wave cases. We symmetrized 
the PES spectra with respect to to see more clearly 
the superconducting gap. The result is shown in the inset 
(right top) to Fig. 2. The symmetrized PES spectra at 
5 K and 16 K show a suppression of intensity within ~4 
meV centered at compared to that at 30 K, suggest- 
ing the opening of a superconducting gap. We numeri- 
cally fit the symmetrized spectrum at 5 K to estimate 
the superconducting-gap size with the s-, p-, or d-waye 
gap function by assuming the two-dimensional cylindri- 
cal Fermi surface. It is known that the shape of DOS for 
the axial (polar) p wave^^ is the same as that of s- {d-) 
wave for the case of cylindrical Fermi surface. We fit the 
spectrum by the Dynes function^^ which is convoluted 
with a Gaussian to take into account the instrumental 
resolution. As seen in the inset to Fig. 2, both fitting 
curves with different symmetries look to reasonably re- 
produce the experimental spectrum. In the s- and axial 
p-wave cases, the gap size A is estimated to be 3. 6 ±0.3 
meV with the broadening factor F of 3.0 meV, while in 
the polor p- and d-waxe cases, the A is 4.1 ±0.3 meV with 
the F value of 2.3 meV. It is remarked that, in the s- and 
axial p-wave cases, the F value is relatively large and even 
comparable to the gap size. This again indicates that the 
superconducting gap of La(Oo.93Fo.o7)FeAs is substan- 
tially deviated from the isotropic 5- wave symmetry, sug- 
gesting higher possibility for the polar p- or d-wave sym- 
metry. In this case, the reduced gap value 2A(0)//cbT'c 
estimated with the obtained gap value is about 4. 

Figure 3 displays temperature dependence of 
ultrahigh-resolution PES spectrum near of 
La(Oo.93Fo.o7)FeAs measured at several tempera- 



tures above Tc (30-130 K). Surprisingly, the spectral 
intensity at increases with increasing temperature 
even far above Tc, unlike the temperature dependence 
of the FD function where the intensity at Ef always 
keeps a constant value. We have confirmed this spectral 
change being intrinsic and not due to the extrinsic 
effect such as sample degradation, by cycling the 
temperature of measurements. This unambiguously 
indicates that the temperature induced spectral change 
of La(Oo.93Fo.o7)FeAs above is due not only to 
the FD function but also to a systematic evolution of 
the spectral weight in the vicinity of Ep. To see more 
directly the temperature-induced change of DOS near 
£^F, we symmetrized each PES spectrum to remove 
the effect of FD function, and show the result in the 
inset. As seen in the figure, the spectral DOS at the 
energy higher than 15-20 meV is almost independent 
of temperature. In contrast, the DOS near Ep is re- 
markably suppressed up to about 15-20 meV binding 
energy, suggesting that a pseudogap with a finite DOS 
at ^F opens above and is gradually filled-in with 
increasing temperature. It is noted that this pseudogap 
is different from the superconducting gap because the 
energy scale is apparently different from each other. 
A similar behavior in the temperature dependence of 
DOS has been also observed in Lai.85Sro.i5Cu04,^^ 
which exhibits the superconducting gap of 8 meV and 
the pseudogap of 30-35 meV. The symmetrized PES 
spectrum at T = 100 K almost coincides with that at 
130 K, suggesting that the pseudogap closes at around 
T* = 100 K. It is remarked that this T* value is similar 
to the temperature where the electrical resistivity 
shows a characteristic reduction in underdoped region,^ 
suggesting that the anomaly in the resistivity is closely 
related to the opening of pseudogap. 

Although the origin of pseudogap is not clear at 
present, several candidates are considered. One plausi- 
ble candidate is a ferro- or antiferro-magnetic spin cor- 
relation. Another scenario to explain the pseudogap is 
the precursor pairing, where the electron pairs without 
phase coherence are expected to exist above Tc. In this 
case, the observed T* of 100 K suggests a potentially 
higher Tc to be achieved in La(Oi_ajFa^)FeAs. Present 
PES results provide an important experimental basis to 
construct a microscopic theory to explain the mechanism 
of superconductivity in this iron-based superconductor. 

In conclusion, we reported high-resolution PES 
study of newly-discovered iron-based superconductor 
La(Oo.93Fo.o7)FeAs. The superconducting gap shows a 
marked deviation from the isotropic s-wave symmetry, 
and the gap size is estimated to be ~4 meV at 5 K. We 
also found that a pseudogap of 15-20 meV opens at E^ 
even above Tc and closes at temperature far above Tc, 
similarly to cuprate high-temperature superconductors. 
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